Recent findings have indicated that megakaryocytes may be susceptible to human immunodeficiency virus (HIV) infection, suggesting a potential role for megakaryocytes as viral reservoirs in HIV-infected patients. We report that the megakaryocytic cell line Dami could be productively infected with the HTLV Ill-B strain of HIV-1, in 26 different experiments (results of 16 experiments are reported); productive infection lasted up to 30 weeks. Despite a lack of detectable surface expression of the CD4 molecule and very low levels of CD4 mRNA, between 40% and 60% of megakaryocytic cells produced viral proteins after contact with HIV-1. Neither cytopathogenic effects nor syncitia formation was observed. Production of high levels of functional viral particles was indicated by analysis of p24 protein levels, reverse tran-HROMBOCYTOPENIA is a common finding in pa-T tients infected with the human immunodeficiency virus (HIV).' Its cause is believed to be multifactorial, involving immune-mediated peripheral platelet destruction as well as impaired thrombocytopoiesis.' Recent studies have indicated that megakaryocytes may be a target for HIV i n f e~t i o n ,~-~ suggesting both a potential mechanism for defective thrombopoiesis, and a role for megakaryocytes as viral reservoirs in the bone marrow (BM). Investigation of the expression of the CD4 molecule, the high-affinity receptor for HIV, on megakaryocytes has led to divergent result^^,^ expression at best was detected in about 25% of this cell population.6 In situ hybridization studies by ZuckerFranklin and Cao2 have allowed identification of HIV-type 1 (HIV-I) virus RNA in megakaryocytes from HIVinfected patients. Recently, Sakagushi et a14 reported that certain clones of the megakaryocytic cell line CMK7 that expressed the CD4 molecule could be productively infected in vitro with HIV-type 2 (HIV-2) strains. Susceptibility of CMK cells to the HTLV 111-B strain of HIV-1 was very poor, however, leading to infection of less than 1 in lo5 cells and requiring coculture with CD4+ T-cell lines to detect production of viral parti~ules.~ We investigated the suscep- 
tibility to HIV-1 infection of the Dami megakaryocytic cell line, originally described by Greenberg et al? which expresses several morphologic and biochemical features of BM megakaryocytes, no detectable surface CD4 molecule, and only low levels of CD4 mRNA. The Dami cell line could be infected productively by the 111-B strain of HIV-1 and produced high levels of functional virions. This cell line, which expresses functional receptors for several cytokine~,~-ll provided a model to explore the effect of these cytokines on HIV-1 transactivation and protein synthesis in cells of the megakaryocytic lineage.
MATERIALS AND METHODS
Dami cells, originally described by Greenberg et a1, 8 were cultured in Iscove's modified Dulbecco's medium (IMDM; GIBCO-BRL, Cergy-Pontoise, France) supplemented with 10% horse serum or in some experiments, with 2% Ultroser HY (IBF, Villeneuve-la-Garenne, France). Expression of surface markers was analyzed by flow cytometry (EPICS; Coulter, Margency, France) using IgGl mouse monoclonal antibodies (MoAbs) directed against CD2 (T11, Coulter), CD4 (T4, Coulter; and IOT4a; Immunotech, Marseille, France), CD4lb (GPIIb) (IOP4lb; Immunotech) and CD61 (GPIIIa) (IOP61; Immunotech). Intracellular HIV-1 p24 was detected by using a monoclonal mouse IgGl (25-C-90) directed against this protein (provided by Drs Traincard and MaziB, Hybridolab, Institut Pasteur de Paris, France) after cell permeabilization.12 These antibodies were then detected with a fluorescein-conjugated affinity-purified F(ab')2 directed against mouse IgG (Cappel Laboratories, Fresnes, France). Mouse purified IgGl (Sigma, L'Isles d'Abeau Chesnes, France) was used as a negative control.
The HTLV 111-B strain of HIV-lI3 was provided by Dr Cogniaux (Institut Pasteur du Brabant, Bruxelles, Belgium) (SmithKline-Ritt, Bruxelles, Belgium) and was obtained highly purified and titrated to HIV core protein p24lmL (lo9 pg/mL). The virus was propagated in the Molt-4 CD4+ T-cell line, supernatants were harvested at the peak of virus production, virus stocks were made after filtration and stored in aliquots at -80°C. Reverse transcriptase activity was then determined. In some experiments, virus was obtained from Molt-4 cells cultured in ultroser HY.
Cells (1O5/mL) were incubated with cell-free virus supernatant of HTLV 111-B (5,000 or 50,000 cpm of RT activity) for 3 days. The cells were then washed twice with phosphate-buffered saline (PBS) and resuspended in fresh me- dium at a concentration of lo5 cells/mL. Every 3 or 4 days, cell-free supernatant was withdrawn for HIV p24 assay; the cells were then washed and resuspended in fresh medium at a concentration of lo5 cells/mL. HIV-1 p24 antigen production was evaluated by using a commercial enzyme immunoassay (Abbott Laboratories, North Chicago, IL). Each determination was made from one aliquot at two different dilutions. Infectivity of p24+ supernatants was tested by adding them to the CD4+ Molt4 T-cell line and by monitoring syncitia formation and HIV p24 production by these cells. When cells were cultured in the presence of cytokines (Genzyme, Cambridge, MA), cytokines were added at each passage (3 to 4 days).
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Expression of cytoplasm andlor membrane HIV-l-p24 protein in Dami cells was investigated using monoclonal mouse IgGl (25-C-90). Cells were washed in PBS, resuspended at 1@/mL, and cytocentrifuged at 500 rpm for 2 minutes. The slides were then fixed at 4°C in ethanol/acetone (1:l) for 5 minutes. After washing, the cells were incubated in PBS supplemented with 1 mg/mL purified human IgG (Sigma) for 30 minutes. Cells were then incubated with the 25-C-90 antibody (5 pg/mL) for 30 minutes at 37°C. After two washing steps, biotinylated-goat IgG anti-mouse IgG (Amersham, Les Ulis, France) was added (1:150 dilution) for 30 minutes at 20°C. Biotin-streptavidinhorseradish peroxidase complexes were then added (Amersham) (1:250 dilution). For development, the slides were incubated at 20°C for 10 minutes in the presence of diaminobenzidine (DAB; 0.5 mg/mL) and hydrogen peroxide (H202; 0.01%). The reaction was stopped by water. The slides were then counterstained with hematovlin and covered with permount and a glass coverslip. Specificity controls included mouse IgGl fraction (Sigma) on infected and noninfected cells as well as the 25-C-90 antibody on uninfected cells.
Cells were harvested, centrifuged at 200 g for 5 minutes, and washed twice with PBS. The cells were then fixed in 2.5% glutaraldehyde in 0.1 mol/L cacodylate buffer (pH 7.2). Ultrathin sections were cut by standard procedures and photographed with a Philips EM-420 (Philips, Amsterdam, The Netherlands).
Total RNA was prepared from lo7 cells by the RNAzol procedure (Cinna-Biotecx, Friendwood); 10-pg samples of total RNA were separated by electrophoresis on 1% agarose denaturing geld4 and transferred to Hybond-N filters (Amersham). Blots were hybridized for 16 to 24 hours at 42°C with oligolabeled (random primed) restriction fragments. Filters were then washed with 0.1 SSC and 0.1% SDS at 60°C and exposed to XAR-Film (Kodak, Marne la VallCe, France) for autoradiography. platelet GPIIb cDNA, platelet GPIIIa cDNA,I5 and human CD4 cDNA.l6
The probe used in our study was a 770-base pair (bp) fragment (Sac I-Sph I) of the gag region of HTLV 111-B virus, cloned into the pBluescript (Stratagene, La Jolla, CA). Synthesis of the 35S-radiolabeled RNA probe and hybridization procedure were described previou~ly.'~ After autoradiography and development, the slides were stained with methylene blue and eosin (RAL-kit; Rhbne-Poulenc, Villers St Paul, France).
HW-1 RNA detection in infected Dami cells after treatment with TNF-CL Various dilutions of total RNA extracted from 5 x lo5 HIV-1-infected Dami cells were spotted on Hybond-N membrane as previously described.'* Blots were then hybridized with an HIV-1 probe after stripping with a p-actin probe.
The plasmids used have been described p r e v i o~s l y '~~~~ and included the HIV-l-LTR region linked to the luciferase reporter gene, the HIV-1-LTR enhancer region linked to luciferase, and the HIV-1-LTR region linked to the HIV-1-Tat region. Dami cells (2 x lo7) were transfected with 5 to 10 pg plasmid using a modified diethylaminoethyl (DEAE)-dextran t e c h n i q~e . '~.~ Some experiments involved cotransfection with the LTR-Tat construct. Transfected cells were dispatched at 5 x 105/mL and incubated at 37°C for 4 hours before stimulation. After 18-hour treatment, cells were lysed and assayed for luciferase activity as previously des~ribed'~.*~ with a nucleotimeter 107 CLV (Interbio, Paris, France). This activity was standardized as a function of the proportion of living cells, as determined by M l T Results are expressed as fold increase, corresponding to luciferase activity of stimulated transfected cells/luciferase activity of unstimulated transfected cells. In the 26 experiments, the earliest p24 antigen detection (p24 2 10 pg/mL/lOh cells) was 12 days and 22 days after infection with 50,000 and 5,000 cpm, respectively, but onset of highly increasing viral production was detected only later, at about 50 days (Fig lA, 5 ,000 cpm) and 30 days (Fig 1B; 50 (Fig 3) . Immunoperoxidase staining (Fig 4A-C) with an MoAb directed against HIV-1 p24 antigen showed that about 40% of Dami cells expressed this protein (Fig 4B and C) and in Table 1 flow cytometry analysis with the same MoAb showed that up to 60% of infected Dami cells (Dami cells 3) expressed this protein (4 months after infection with 50,000 cpm inoculum, p24 level 320 ng/mL/million cells). In situ hybridization with the %-HIV-l-gag RNA probe (Fig 4D  through F) showed silver grains localized to some infected Dami cells (Fig 4D and E) . A high density of silver grains that resulted from hybridization of the labeled probe with endogenous HIV-1 RNA was detected over certain cells (-30% of cells were highly positive). This high density of silver grains was in contrast to a much lower level of silver grains scattered randomly either throughout all other regions of the slides or when uninfected cells were used (D) . As shown in Fig SA, specific HIV-1 RNA species were detectable by Northern blot analysis; 9.3-, 4.2-, and 2-kilobase (Kb) HIV-1 transcripts were detected using an HIV-1 cDNA probe (8390 to 9130 bp) in HIV-1-infected Dami cells and were not detected in uninfected Dami cells.
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RESULTS
Incubation of the
CDlprotein and mRNA erpression by Dami cells. Before infection, and at different intervals after infection, cells were analyzed by flow cytometry for surface expression of platelet glycoproteins (GPIIb and GPIIIa) and of the CD4 protein. Two different anti-CD4 MoAbs were used, and gave similar results. Table 1 shows a representative experiment (of four different experimcnts). Both uninfected and HIV-1-infected Dami cells expressed the GPIIIa highly but not the CD4. In contrast, monocytic and lymphocytic cell lines expressed CD4 but not GPIIIa. As shown in Fig 5B, Northern blot analysis with a CD4 cDNA probe of total RNA extracted from infected and uninfected Dami cells required 10 days of exposure to yield a detectable signal, whereas CD4 mRNA was detected after only 18-hour exposure in human peripheral blood mononuclear cells (PBMNC). These experiments indicate that either each Dami cell expresses a very low level of CD4 mRNA or that a very small subpopulation of the cells expresses significant levels of CD4 mRNA. Expression of GPIIb and GPIIIa mRNA was not modified by HIV-1 infection of the cells (Fig 5C) . Hybridization experiments shown in Figs 5A and B were performed on the same blot after stripping and were representative of three independent experiments. HIV-1 infection of Dami cells did not involve serum components such as IgG or complement because productive infection could be obtained in cells cultured in Ultroser HY in the absence of serum, after infection with virus that had been produced in Molt4 cultured in the same serum-free medium.
Cytokine-mediated modulation of HN-lproduction. HIV-1-infected cells (10S/mL) were cultured with TNF-a (100 U/mL) or a mixture of IFN-y and IFN-a (1, OOO U/mL each) for 5 to 11 days. As shown in Table 2 , HIV-1 p24 production in the supernatants was enhanced by TNF-a, whereas the combination of IFN-y and IFN-a inhibited p24 production; IFN-a or IFNy alone had less effect (data not shown). The enhancing effect of TNF-a was reproducible and is shown in 13 experiments (Fig 2A, 10 experiments; Fig  2B, 1 experiment; Fig 2C, 1 experiment; and Table 2, 1 experiment). As shown in Fig 2B, neutralizing antibodies against human TNF-a prevented the overproduction of p24 induced by TNF but did not affect the basal level of p24 production. No TNF-a secretion by infected or uninfected Dami cells could be detected with a Genzyme enzymelinked immunosorbent assay (ELISA) kit (Genzyme), strongly suggesting that spontaneous HIV-1 production by infected Dami cells, in medium alone does not involve TNF-a. Dot-hybridization experiments showed that TNF-amediated increase in p24 protein expression was associated with increased levels of HIV-1 RNA, whereas the p-actin mRNA level was not modified (Fig 2C) . When TNF-a treatment was initiated 4 days before HIV-1 infection, production of virus was detected earlier than in untreated cells. Indeed, in two different experiments, p24 production more than 1 ng/mL/million cells were obtained 10 days after such TNF-a treatment, whereas untreated cells had not begun to produce virus at day 15 (p24 5 10 pg/mL/ million cells). In three different experiments, TNF-a treatment was initiated after HIV-1 infection of Dami cells but before productive infection was detected. This induced p24 production in 4 days (p24 level of 50, 140, and 200 pg/mL/106 cells), whereas p24 was still undetectable in the untreated cells. In contrast, eight different experiments showed that TNF-a treatment of chronically infected Dami cells, more than 3 months after infection, had no or low (up to 1.5-fold) enhancing effect on p24 production.
To determine whether the TNF-a-mediated increase in HIV For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From Surface expression of CD4 and CD61 (GPllla) and of intracellular HIV-1 p24 was investigated in uninfected and infected Dami cells as well as in T-cell line (Molt-4, CEM) and in a monocytic cell line (U937). Results are expressed as percentage of positive cells over control labeling with purified mouse IgG1. p24 expression was determined after cell permeabilization. Dami cells 1, 2, and 3 were infected with 50,000 cpm inoculumfrom 1,2,0r4 months (p24 level: 90,220, and 320 ng/mL/million cells respectively).
Abbreviation: UND, undetected.
twofold increase in Luc activity. Table 3 shows one representative experiment of seven in which TNF-a, as well as PMA,28,29 transactivated the HIV-1-LTR promoter linked to the luciferase reporter gene and had the same effect on a construct containing only the enhancer region of the HIV-1-LTR.
DISCUSSION
Incubation of the Dami megakaryocytic cell line with the HTLV 111-B strain of HIV-1 led to long lasting production of high levels of viral proteins. HIV-1 p24 antigen could be detected in the cytoplasm and/or membrane of about half of the megakaryocytic cells. This is consistent with previous observations that high-level virus production can be observed with only 40% to 60% of cells expressing HIV pr0teins.4.~~ Morphologic normal viral particles that were identified by electron microscopy and cell-free viral particles released in the supernatant were infectious for a CD4 T lymphocytic (Molt-4) cell line (data not shown).
Dami cells did not express detectable surface CD4 antigen, the major HIV-1 receptor on T lymphocytes and monocytes, and only low levels of CD4 mRNA were observed in these cells. Studies of CD4 expression on BM megakaryocytes have led to variable results,5f6 suggesting aand IFN-7 (1,000UlmLeach) or with TNF-a (100 U/mL). p24 levels as well as cell numbers and viability were monitored at different intervals. Only treatment with IFNs had an effect on cell proliferation (inhibition). The p24 level was expressed as nanograms per milliliter per lO@viable cells (one representative experiment of four). Dami cells were transiently transfected with different constructs of the HIV-1 promotor (LTR) (described in the Materials and Methods section) and incubated with TNF-a (100 U/mL) or with PMA (2.5 ng/mL) for 18 hours. Cells were counted, viability was assessed, and cells were then lysed to permit luciferase activity determination. Results are expressed as fold increase in the luciferase activity over that of the nontreated cells after normalization to the same number of cells and is representative of seven experiments.
that, at most, only a subset of megakaryocytes presents detectable surface CD4 molecule.6 One possibility therefore is that Dami cells express surface CD4 transiently. Alternatively, HIV-1 entry in the megakaryocytic cell line could involve a CD4-independent pathway. Antibodymediated and c~mplement-mediated~~,~~ entry have been described in monocytic and T-cell lines. Because productive infection of Dami cells could be obtained in serum-free medium (Ultroser HY), using HIV-1 virus produced in the same medium, involvement of antibodies or complement could be ruled out in our assays. In a recent study, Sakagushi et a14 reported poor susceptibility of CD4+ clones of the CMK megakaryocytic cell line to infection with the HTLV 111-B strain of HIV-1, with less than one in lo5 cells infected and viral production detected only in coculture experiments with a CD4 T-cell line. These results suggest that expression by megakaryocytes of the CD4 molecule might not be sufficient to allow efficient infection of these cells. Furthermore, platelets, which do not express CD4 can, like megakaryocytes, internalize HIV-1 viral particles in vitro.3 HIV-1 infection of other CD4-cell populations has been reported p r e v i~u s l y ,~~-~~ but in contrast to Dami cells, viral particle production could not be detected directly in these cases and required coculture with CD4+ T-cell lines to be measured.
Human hematopoietic cell lines developed from patients with acute leukemia have become useful tools to explore differentiation and function of cells of the BM lineages. Recent studies of CD4 T-lymphocytic and monocytic cell lines have led to identification of the regulatory effect of various activation signals, including cytokines, on regulation of HIV-1 proviral expression and viral particles production in these cell populations.3741 Cytokines play an important role in megakaryocyte lineage and Dami cells express functional receptors for several cytokines, including TNF-a. We therefore investigated whether such mediators could influence the level of HIV-1 expression in this megakaryocytic cell line.
As in CD4+ T-lymphocytic and monocytic cell lines,38-@ TNF-a significantly increased HIV-1 production in infected Dami cells. As in T lymphocytes and monocytes, IFN-a inhibited HIV-1 production, an effect that was maximal in the presence of i n t e r f e r~n -y .~~ The enhancing effect of TNF-a was repeatedly observed in several experiments. Because HIV-1-infected patients have elevated serum levels of T N F -C~,~~,~~ our results raise the question of a possible enhancing effect of this cytokine on HIV-1 production by BM megakaryocytes. Because obtaining both significant quantities and pure populations of BM megakaryocytes is difficult, the Dami cell line may represent a useful model to study the possible regulation by cytokines of HIV-1 expression in BM cells of the megakaryocytic lineage.
